Background-Hyperglycaemia delays gastric emptying, both in healthy controls and in patients with diabetes mellitus. These changes in antroduodenal motility are likely to constitute the mechanism through which gastric emptying of solids is delayed during high blood glucose concentrations in these diabetic patients. (Gut 1997; 40: 641-646) 
Abstract
Background-Hyperglycaemia delays gastric emptying, both in healthy controls and in patients with diabetes mellitus. The effect ofhyperglycaemia on antroduodenal motility in diabetes has not yet been studied. Aim-To investigate the gastrointestinal motor mechanisms involved in the hyperglycaemia induced retardation of gastric emptying in patients with type I diabetes mellitus and autonomic neuropathy. In eight diabetic patients antroduodenal manometry was performed simultaneously with scintigraphic measurement of emptying of a mixed solid-liquid meal, during euglycaemia (5-8 mmol/l glucose) and hyperglycaemia (16) (17) (18) (19) Conclusions-Hyperglycaemia reduces postprandial antral contractile activity and its organisation in patients with type I diabetes and autonomic neuropathy. These changes in antroduodenal motility are likely to constitute the mechanism through which gastric emptying of solids is delayed during high blood glucose concentrations in these diabetic patients. (Gut 1997; 40: 641-646) Keywords: diabetes mellitus, scintigraphic gastric emptying, antroduodenal motility, hyperglycaemia.
The prevalence of delayed gastric emptying in patients with type I diabetes mellitus is about 50%.'`3 Manometric studies performed with the aim to elucidate the motor mechanisms responsible for delayed gastric emptying in this disease have shown that postprandial motor activity is often abnormal in diabetic patients. The abnormalities consist of antral hypomotility, pyloric spasm, and pathological motor patterns in the small intestine.6 These abnormalities in gastrointestinal motility may cause dyspeptic symptoms and may also affect glycaemic control.7"9
Autonomic neuropathy is thought to be an important causal factor in motility disorders in diabetes mellitus. ' 10 However, the correlation between cardiovascular autonomic neuropathy tests and motility variables is poor. One of the reasons for this poor correlation is that gastrointestinal motor activity is also influenced by the blood glucose concentration, as hyperglycaemia retards gastric emptying.11
The effects of hyperglycaemia on antroduodenal motility have been studied in healthy volunteers, and showed a decreased interdigestive and postprandial antral motor activity and an increased number of isolated pyloric pressure waves 
MEASUREMENT OF ANTRODUODENAL PRESSURES
Antroduodenal manometry was performed with a nine channel perfused catheter (outside diameter 4-7 mm, internal diameter 0 74 mm). The catheter was stiffened with a guidewire through the central lumen (1 fi33 mm) to facilitate its introduction. Pressure sensors were located at 5, 15, 25, 40, 45, 46-5, 48-0, and 49-5 cm from the tip. The four proximal side holes were positioned in the antrum. The side holes located at 40 cm and 45 cm were used to measure the antroduodenal TMPD. Manometric channels were perfused with degassed liquid at a rate of 0 3 ml/min with a low compliance pneumohydraulic pump. The antral and duodenal TMPD channels were perfused with saline from separate reservoirs and all other channels were perfused with distilled water. Pressures were measured by external transducers (DPT-200, Medisize, Hillegom, The Netherlands). The pressure signals from the six proximal side holes (four antral, two duodenal) and the TMPD were recorded on a portable data logger (Medical Measurement Systems, Enschede, the Netherlands). Whereas the storage capacity of the data logger is 1 MB, maximum data compression allowed storage of 1-9 MB. The sample frequency was 4 Hz. A stationary MS-DOS computer served as an on line display and retrieval system. Pressure recordings were analysed only when the antral TMPD was .-20 mV and the duodenal TMPD was .-15 mV with a difference between the two of at least 15 mV, indicating a correct catheter position. '7 The manometric data were analysed both visually and automatically. Using commercially available software (Medical Measurement Systems, Enschede, The Netherlands) the number (n) of pressure waves of amplitude .1-4 kPa (10 mm Hg), and their mean amplitude (MA) were calculated after elimination of the artefacts such as abdominal pressure peaks, respiration, and drift of the pressure transducers. '8 In addition, the motility index (MI) was calculated, defined as MI=ln(n X E amplitudes + 1). Phase III in the antrum or duodenum was defined as contractile activity at the maximum frequency for at least one minute in the antrum (three contractions/min) and for at least two minutes in the duodenum (10-12 contractions/ min), which was propagated over at least two recording sites and was followed by motor quiescence.'9 When pressure waves with maximum frequency were only seen in the most distal duodenal channel or if they were not followed by motor quiescence, the pattern was called phase III-like activity. Short bursts were defined as contractile activity in the duodenum at maximum frequency 0-5-1-0 minutes in duration without distal propagation. When the 50% emptying time (T5") was longer than the 120 minutes of the study period, it was calculated by extrapolating the linear emptying curve of the solid meal. Figure 3 (see later) shows the normal range (mean (2SD)) of the 50% emptying time determined in 16 
Results
The nasogastric intubation was well tolerated in all patients. The catheter position was correct during 94% of the recording time.
ANTRODUODENAL PRESSURES
The numbers of antral pressure waves and their amplitude recorded from the individual side holes were not significantly decreased by hyperglycaemia (Table) . However, the number of antral pressure waves propagated over a distance .4-5 cm was lower during hyperglycaemia (Fig 1) . Hyperglycaemia significantly decreased the cumulative motility index, from 38-3 (24-2-47-6) to 30-8 (17.3-38.1) (p=0025; Fig 2) .
At the level of the duodenum the number of pressure waves at the proximal duodenal recording site (p=0 04; Table) and the motility index (13-8 v 11-8, p=0.02) were lower during hyperglycaemia. Abnormal duodenal motility patterns consisted of short bursts in five patients during euglycaemia and in three patients during hyperglycaemia, comprising 6.44% and 2-27% of the total recording time during euglycaemia and hyperglycaemia respectively (p=0-34). Hyperglycaemia reduced the number ofpropagated antral pressure waves in the period after the meal (p<004).
Number ofpressure waves and amplitude (median, range) observed in the first two hours after ingestion of a meal prolonged (20-0 (2-28) v 28-5 (9-43) minutes; p=002). Figure 3 shows that the 50% increased after 60 minutes from 4-6 (0 7) mmol/ to 8-4 (2.3) mmol/l. This modest increase in blood glucose concentration may have reduced the frequency of antral pressure waves slightly, as it has been shown that even modest changes in blood glucose concentrations affect antral motility in healthy volunteers. 14 The motor mechanisms responsible for the retardation of the solid emptying are complex. The present study shows that hyperglycaemia changed the antral as well as proximal duodenal contractile activity. Hyperglycaemia affected the cumulative motility index and the organisation of the antral pressure waves at the level of the antrum.
Although proximal duodenal contractile activity was decreased by hyperglycaemia, the occurrence of abnormal duodenal motility patterns was not influenced by blood glucose concentration. Phase III (like activity) was noted within two hours after the meal in three of eight patients during euglycaemia and four of eight patients during hyperglycaemia. In none of these patients was gastric emptying completed at the time the phase III (like activity) occurred. Experiments with a similar study design performed in healthy subjects did not show the occurrence of phase III activity during gastric emptying of solids.25 26 Therefore, the early phase III observed in the diabetic patients is likely to be a pathological motor pattern. The mechanism underlying this motor abnormality is unknown, but our findings indicate that it is related to abnormal neuronal control rather than to hyperglycaemia.
Autonomic neuropathy, especially of the vagal nerves, is regarded as one of the major factors in the pathogenesis of abnormal gastrointestinal motility in diabetes mellitus.1 10 Previous manometric studies performed in patients with type I diabetes showed postprandial antral hypomotility, pyloric spasm, and intestinal dysmotility.6 In most of these studies the blood glucose concentrations were not monitored, let alone stabilised. Therefore, many of the gastrointestinal motor abnormalities reported in diabetic patients may have been influenced by raised blood glucose concentration in combination with irreversible autonomic neuropathy.
Several studies in healthy volunteers have reported a relation between the cumulative antral motility index, the number of propagated antropyloroduodenal pressure waves, and gastric emptying of solids. 25 26 In our study, there was a relation between the cumulative antral motility index and the time for 50% emptying of the solid meal during euglycaemia. The fact that such a relation was not apparent during hyperglycaemia suggests involvement of other parts of the upper gastrointestinal tract. Earlier scintigraphic data showed that the percentage of solid meal remaining in the proximal stomach was directly correlated with the duration of the lag phase."
Thus the increase in duration of lag phase found in our study suggests changes in the gastric tone. Data concerning the function of the proximal stomach in diabetic patients during hyperglycaemia are not yet available, but studies performed in healthy volunteers in the fasting period showed an increase in gastric compliance during hyperglycaemia. 27 The finding that gastrointestinal motility in patients with type I diabetes with autonomic neuropathy is influenced by the blood glucose concentration has several implications. Because most previous studies did not take the blood glucose concentration into account, the percentage of diabetic patients with abnormal gastrointestinal motor function due to irreversible vagal damage, especially antral hypomotility, may have been overestimated. Therefore, the actual prevalence of delayed gastric emptying and abnormal antroduodenal motor function is not known. In the future, motility tests in diabetic patients should be performed with blood glucose concentrations within the euglycaemic range, preferably using a modified glucose clamp technique.23 Furthermore, as glucose concentrations influence gastrointestinal motility and hence gastric emptying, high blood glucose concentrations may cause further dysregulation of glucose homeostasis in diabetic patients.
In conclusion, this study has shown that hyperglycaemia reduces postprandial antral contractile activity and the propagation of antral pressure waves and decreases duodenal motility in type I diabetic patients with autonomic neuropathy. The changes in antroduodenal motility are likely to constitute the mechanism through which gastric emptying of solids is delayed during high blood glucose concentrations in these diabetic patients. 
